usS009424228B2
a2 United States Patent (10) Patent No.: US 9.424.,228 B2
Ramey et al. 45) Date of Patent: Aug. 23, 2016

(54) HIGH PERFORMANCE, SCALABLE MULTI (56) References Cited

CHIP INTERCONNECT
U.S. PATENT DOCUMENTS
(71) Appllcant: Tllera Corporatlonj WEStboroughj MA 75174.}394 Bl 2 2/2007 Garner et al‘ “““““““““““ 710/5
(US) 7.636.825 B2* 12/2009 MoSeK vovovovoroceroenin 711/163
7,734,895 B1* 6/2010 Agarwaletal. ................. 712/13
(72) Inventors: Carl G. Ramey, Westborough, MA ;jgggjggi E: 13/%88 igaﬂﬂfai etZIL +++++++++++++++ g}ﬁ }j}
_ . : : 1 1 garwal etal. ............... 1
(US); Matthew Mattina, Boylston, MA 8016910 B2* 12/2014 Geeretal. ..o 257/209
(US) 2005/0021874 Al*  1/2005 Georgiou et al. ............. 709/250
2006/0143350 Al* 6/2006 Miloushev et al. .......... 710/242
(73) Assignee: EZChip Technologies Ltd., Yokneam 2007/0180513 Al* 82007 Razetal. .............. 726/12
(IL) 2009/0141654 Al* 6/2009 Voutilainen et al. .......... 370/254
2010/0080124 Al* 4/2010 Angiolini etal. ............. 370/235
. . L . 2011/0125974 A1*  5/2011 Anderson ... 711/153
e .
(*) Notice:  Subject to any disclaimer, the term of this 2011/0239216 A1*  9/2011 Miyajima .....ooooovoovvr.. 718/1
patent 1s extended or adjusted under 35 2013/0044748 Al* 2/2013 Shahetal. ovoeovviii. 370/355
U.S.C. 154(b) by 354 days. 2013/0086328 Al* 4/2013 Frank etal. .oooovoevvviii.. 711/125
2013/0145375 Al*  6/2013 KAang ....ococovvcveverevrnen, 718/104
. 1 1 1 ajaaetal. .........oonnnll.
(21) Appl. No.: 13/789,801 2014/0033217 Al* 12014 Vaid 1 718/102
(22) Filed: Mar. 8, 2013 FOREIGN PATENT DOCUMENTS
s
(65) Prior Publication Data WO WO 2012/003486 Al * 1/2012

OTHER PUBLICATIONS
US 2014/0122560 Al May 1, 2014

ACM article “Portland: A Scalable Fault-Tolerant Layer 2 Data Cen-
ter Network Fabric” (Aug. 2009) to Mysore et al. (“Mysore”).*

Related U.S. Application Data

* cited by examiner
(60) Provisional application No. 61/721,069, filed on Nov.

1,2012. Primary Examiner — June Sison
(74) Attorney, Agent, or Firm — Fish & Richardson P.C.

(51) Int.CL

GO6F 15/16 (2006.01) (57) ABSTRACT

GO6F 15/173 (2006.01) A tlexible, scalable server 1s described. The server includes

HO4I 29/08 (2006.01) plural server nodes each server node including processor

HOA4T, 12/933 (2013.01) cores and switching circuitry configured to couple the pro-
(52) U.S.CL cessor to a network among the cores with the plurality of

CPC ... GO6F 15/17312 (2013.01); HO4L 49/101 cores 1mplementing networking tunctions within the com-

(2013.01); HO4L 67/10 (2013.01) pute nodes wherein the plurality of cores networking capa-

(58) Field of Classification Search bilhtlesiallow the cores to connect to each other, and to offer a

CPC oo HO4L 67/10  Single interface to a network coupled to the server.

See application file for complete search history. 16 Claims, 4 Drawing Sheets

N3 |

Processor node, 60

Processor node, 60

3

14
1 14

/-11
12
B
| 24 |
] fH—

14

N S—

) e
—— — —— —

14

14

| —

N |
Iz
E'“‘
[




U.S. Patent Aug. 23, 2016 Sheet 1 of 4 US 9,424,228 B2

o
N
(@

29n

|1

10

FIG. 1



U.S. Patent Aug. 23, 2016 Sheet 2 of 4 US 9,424,228 B2

34

< E
m
f
w
w
m en

30

FIG. 2

ﬂ-
)



US 9,424,228 B2

Sheet 3 of 4

Aug. 23, 2016

U.S. Patent

60

L
>’
o
-
o
-
f p)
¥ B
L
o
O
—
i

Processor node, 60

Processor node, 60

60

L
-
-
-
o
-
9
7 8
L
o
O
P
il

S0

“'M._q_

FIG. 3



U.S. Patent Aug. 23, 2016 Sheet 4 of 4 US 9,424,228 B2

5
3
3

[ R T T T L N T T T N N E T T T N T T T TN T AN E T E TS AT LS -

:i."-."'-.""-.""-.""-."-."-."'i'-.""-.""-."'.."'-.H‘;"i"-‘-‘-‘-“.";‘-”i’-‘-‘-‘-“."u"u‘-”-‘-‘-‘-“.";"n"'-. ""-."'-."'-.""-.H‘-”i"-‘-‘-‘-“."n‘u‘i’-‘-‘-‘i‘l’bﬁ‘i’-‘-‘-\ﬂh"-“'i'-."'-."'-.""-.""-.""-."-."ﬁ

- 1

o

aaaaa

=4 bk FAd kP

e

1 % + % + + F

T T e g T e

ARt LLEA LR LS LU L N LA L L : R N AN N NN

T T T T T S S S S '-.-.-.-.-.ﬂﬂm-.-.-hﬂ-L-.-.-.-.-L-.-ﬁ-.-h-h-.ﬂ-H-m-ﬁ-ﬁ-l-'h-h-.ﬂ-ﬁ-.-.-.-ﬁ-.ﬂﬂ-.-ﬁ-.-.-ﬁﬂm“-ﬁﬂm-.-ﬁ“ﬂ

= d + + + 4

= d =+ ++FF=d kP

* + + + F

LA A A AL L A T LT R A

e b e e e e e et e e e e ke e e e e e e e e e el hii‘li‘k"ﬂﬂlﬂ'ﬁiiiiiiiiﬁi‘ki'ﬂlﬁiiiﬂliﬁi‘h ‘Ili"l!h111‘!&11"!1111111‘!1111111‘!111‘!1111‘!11‘3
' .
.. .E .

nagemment

= d okt

= d * + ko

+* + F

T

¥+ FF+ FF =-dFFFFFEF A FFFFEAFFEFE-AFFFEFEEFEE A FF - L] 4 = 4 =4 + + +++ F -4 FF+FFFFEGFE-FFFEFFEFR -

* + + + +F -4 F+FFFFGF-AFFFFEAFEF-AFFEFFEAFE-A

e,

b+ ¥+ k-

4 + + + + + + F - ++++++F -4+ +++FFF -4 +FF++++F -

111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

g sudnoin e

A

Pl g o PP Pl Pl G R JF ol o R P P o U Rl

FIG. 4



US 9,424,228 B2

1

HIGH PERFORMANCE, SCALABLE MULTI
CHIP INTERCONNECT

This application claims priority under 35 U.S.C. §119 to
U.S. Provisional Patent Application Ser. No. 61/721,069,
filed Nov. 1, 2012, and entitled “High Performance, Scalable
Multi Chip Interconnect”, the entire contents of which are
hereby incorporated by reference.

BACKGROUND

This mvention relates to processors and more particularly
to multi-chip processors.

Typical computer system server infrastructure such as in
cloud-computing data centers 1s scaled to larger numbers of
servers by adding more processing nodes. A processing node
might be a compute server containing for example a multicore
processor chip. Along with the increased processing power
provided by the processing nodes, the computer system
server infrastructure has services such as switching, load
balancing, and network access translation (INAT) and/firewall
capabilities. The services required for additional computation
nodes vary depending on the application.

SUMMARY

According to an aspect, a server compute node 1ncludes a
plurality of tiled compute nodes, with multiple ones of the
plurality of tiled compute nodes each including a processor,
and switching circuitry configured to couple the processor to
a network among the cores, and with the server compute node
turther configured to provide network switching functions
within the plurality of tiled compute nodes of the server
computer node.

The following are some of the features within the scope of
the above aspect.

The networking switching functions within the plurality of
cores are further configured to connect tiled compute nodes to
cach other to offer a single interface to a network coupled to
the server compute node. In the network functions each of the
tiled compute nodes includes a layer 2 switch that uses media
access control addresses for forwarding frames, and with the
plurality of tiled compute nodes arranged 1n a node stack
topology. External networking components are notneeded, as
more nodes are added to the server compute node.

According to an additional aspect, a flexible, scalable
server comprising plural server compute nodes each server
compute node includes a plurality of cores, with multiple
ones of the plurality of cores each including a processor,
switching circuitry configured to couple the processor to a
network among the cores, and with the plurality of cores
turther configured to provide network switching within the
server compute node by the plurality of cores providing net-
working capabilities to allow the cores to connect to each
other, and to offer a single interface to an external network
coupled to the server compute node.

The following are some of the features within the scope of
the above aspect.

The networking functions in the nodes has the nodes
arranged 1n a node stacking topology with each node includ-
ing an on-chip layer 2 switch to provide scalable node-stack-
ing The server node executes software running on the proces-
sor cores or 1n firmware 1n that node to provide load balancing
across multiple nodes with a set of server nodes or processors
providing a single network endpoint. Routing 1s implemented
in fast-path software runming within the processing node sup-
porting layer-2 routing to IP routing, load-based routing, or

10

15

20

25

30

35

40

45

50

55

60

65

2

“address™ based routing. The server further includes fast path
hardware in the processor node to allow low-latency and
high-bandwidth switching capability. The routing functions
are arranged with general purpose cores executing control
path algorithms and data path algorithms are managed by
hardware. Hardware services include packet classification,
load-balancing, buffer management, and egress-reordering.
Local network traffic 1s identified based on a physical port
number or MAC address as well as more sophisticated
dynamic information such as system load. A packet is
switched based on a range comparison with an address field 1n
the packet.

According to an additional aspect, a method of operating a
server mncludes receiving packets that arrive at a recerver
interface built 1n a multi-core processor chip, parsing the
packets 1n a classifier engine of the multi-core to produce
packet descriptors that determine the flow to which the packet
belongs with either the classifier or software on the cores
determining an egress port, applying load balancing to deter-
mine what core will operate on the packet, and enqueueing
the packet descriptors generated by the classifier.

The following are some of the features within the scope of
the above aspect.

The method further includes executing software on the
processor cores to provide load balancing across multiple
nodes with a set of server nodes or processors providing a
single network endpoint. The method further includes arrang-
ing the nodes 1n a node stacking topology with each node
providing an on-board or on-chip L2 (layer 2) switch to
provide scalable node-stacking

Traditional infrastructure components do not provide sui-
ficient tlexibility for ever-changing workloads. For example,
a processing node generally serves as the termination point
for network traific, and commonly includes a connection to a
network switch. Generally, 1t 1s relatively easy to add more
processing nodes, but it 1s more challenging to add extra
networking components as each processing node 1s added.
Further, as more processing nodes are added, load balancing
among the processing nodes becomes more of a concem.
Processor nodes have traditionally addressed increased com-
putation requirements, but the nodes have not adequately
addressed the other required datacenter tasks such as switch-
ing and load balancing. With this approach tlexibility 1s built
into the server compute node making 1t relatively easy to add
more networking functionality as more processing nodes are
added.

The details of one or more embodiments of the mvention
are set forth 1n the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings,
and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram of a tiled integrated circuit.

FIG. 2 1s a block diagram of a tile.

FIG. 3 1s a block diagram depicting a stacking topology.

FI1G. 4 1s a flow chart depicting network traific transmit and
receive topology for a tiled compute node.

DETAILED DESCRIPTION

Exemplary System Overview

The system described 1n this section (with reference to
FIGS. 1 and 1B) provides an overview of various aspects of a
parallel processing environment that can be used for a variety
of the techniques described 1n other sections.



US 9,424,228 B2

3

A multicore processor can be manufactured as a chip con-
taining multiple processing engines or cores. Using multiple
cores to process applications can provide greater computing
throughput and also lower power. There are many challenges
to building a multicore processor. These include the chal-
lenges of how to connect the cores to each other efficiently,
how to manage data sharing between the cores, how to supply
data from input-output devices to the cores in a coherent
manner, and how to construct operating systems for multicore
processors. Bus based multicore chips use a bus to connect the
cores, but buses may be a throughput bottleneck and may also
consume a lot of power. An alternative way to connect the
cores 1S to use a point-to-point network such as a mesh net-
work or a ring network. Networks such as a mesh have
switches arranged 1n a grid pattern 1n which neighboring
switches are connected to each other. When the cores include
a switch component for a network such as a mesh, the cores
can be laid out 1n a simple rectangular tiled pattern. Such
multicore chips are called tiled multicore processors.
Because the conductor paths are short 1n tiled multicore pro-
cessors, signals can travel short distances when neighboring
cores need to communicate. Tiled multicore processors gen-
erally consume lower power than bus based multicore pro-
CEeSSOrs.

U.S. patent application Ser. No. 12/885,957 entitled:
“Managing Shared Resources In an Operating System” filed:
Sep. 20, 2010; and U.S. patent application Ser. No. 46/280,
02°7 enfitled: “Computing In Parallel Processing Environ-
ments” filed: Oct. 235, 2011 are incorporated herein by refer-
ence 1n their entirety.

Referring to FIG. 1, a tiled compute node 10 provided as an
integrated circuit 11 (or *“chip”) including an array 12 of
interconnected tiles 14 1s shown. Each of the tiles 14 1s a
functional unit that includes a processor (not shown) (or
“processor core”) and a switch (not shown) that forwards data
from other tiles 14 to the processor and to switches of other
tiles 14 over data paths, generally 16. The processor and
switch will be discussed 1n FIG. 2. Generally, the switch 1s
coupled to the processor so that data can be sent to or recerved
from processors of other tiles 14 over a communication fabric
formed by the switches and data paths. The tiled compute
node 10 includes other on-chip circuitry such as input/output
(I/O) interface circuitry to couple data 1n and out of the circuit
10, and clock distribution circuitry to provide clock signals to
the processors of the tiles 14.

The tiled compute node 10 shown 1n FIG. 1 includes a
two-dimensional array 12 of rectangular tiles 14 with data
paths 16 between neighboring tiles 14 to form a mesh net-
work. The data path 4 between any two tiles 14 can include
multiple conductor paths (or “wires”) to support parallel
channels 1n each direction. Optionally, specific sets of con-
ductors between two tiles 14 can be dedicated to different
mesh networks that can operate independently.

Alternative network configurations include buses, rings,
crossbars, hypercubes, trees, or networks having paths that
extend to diagonal neighbors or to tiles 14 that are multiple
rows or columns away. Other configurations include higher
dimensional mesh topologies. For example, multiple layered
integrated circuits or other three-dimensional configurations
can be used to form networks 1n which the connections form
a cube of network nodes. In some implementations, a switch
coupled to a processor forwards data to and from the proces-
sor or between neighboring processors over data paths of a
one-dimensional interconnection network such as ring net-
work. The tiled compute node 10 also includes on-board or
on-chip L2 (layer 2) switch 25. Switch 235 includes plural
internal I/0 ports 27a-27» and plural external I/O ports 29a-
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2912. An L2 switch, refers to “Layer 2” of the “Open Systems
Interconnection” (OSI) model (ISO/IEC 7498-1) Interna-
tional Organization for Standardization. A L2 switch uses
media access control addresses (MAC addresses) from a
host’s network interface cards to decide where to forward
frames (encapsulated packets).

The data paths 16 from one or more tiles 14 at the edge of
the network can be coupled out of the array of tiles 14 (e.g.,
over 1/0 pins) to an on-chip device 20, an off-chip device 22,
or a communication channel interface 24, for example. Mul-
tiple conductors of one or more parallel channels can be
multiplexed down to a fewer number of pins or to a serial
channel interface. For example, the conductors for one or
more channels can be multiplexed onto a high-speed serial
link (e.g., SerDes) or a memory controller interface (e.g.,
memory controller for DDR or Dynamic RAM—also known
as DRAM) The memory controller can be implemented ofl-
chip or 1n logic blocks within a tile or on the periphery of the
tiled compute node 10.

The following exemplary implementations are described
in the context of tiles 14 that have the same structure and
functionality. Alternatively there can be multiple “tile types”
cach having different structure and/or functionality. For
example, tiles 14 that couple data off of the tiled compute
node 10 can include additional circuitry for I/O functions.

Retferring to FIG. 2, a tile 14 includes a processor 30, a
switch 32, and sets of incoming conductors 34a and outgoing,
conductors 345 (generally conductors 34) that form the data
paths 16 for communicating with neighboring tiles 14. The
processor 30 includes a program counter 36, an instruction
memory 38, a data cache memory 40, and a pipeline 42. The
processor 30 can use any of a variety of pipelined architec-
tures. The pipeline 42 includes pipeline registers, functional
units such as one or more arithmetic logic units (ALUs), and
temporary storage such as a register file (not shown). The
stages 1n the pipeline 42 include, for example, mnstruction
fetch and decode stages, a register fetch stage, instruction
execution stages, and a write-back stage. In instruction
memory 38 1s software 26 that provides load balancing across
multiple nodes allowing a set of processors to be considered
as a single network endpoint. Alternatively, or 1n addition
thereto the software 26 implements fast-path software to sup-
port various protocols from simple layer-2 routing to IP rout-
ing, load-based routing, and “address” based routing.

Either or both of the instruction memory 38 and data cache
memory 40 can be configured to operate as a cache for ofl-
chip memory. The cache hierarchy can take many forms, and
the description here 1s just one example. For example, the
instruction memory 38 includes an instruction cache that
caches 1nstructions, which can be a level 1 instruction cache
(L1I), and the data cache memory 40 includes a data cache
that caches data, which can be a level 1 data cache (L1D).
Both the L11 cache and the L.1D cache can be backed up by a
level 2 unified cache (L2U) that 1s usually larger 1n size than
either of the L1 caches. The caches are controlled by a cache
controller.

On a cache miss from the .11 or LL1D caches, the 1.2U
cache 1s checked. If the data 1s found 1n the .2U cache, then
a cache miss can be averted. If the instruction or data 1s not
found 1n the [.2U, then the 1instruction or data 1s fetched from
outside the tile. Typically, the processor checks the cache 1n
another tile called the home tile for that particular address that
missed. This way, the L2U caches in the other tiles 14 serve as
a large distributed L3 cache. If the home tile has an entry for
the data item (within a home location of a home cache in the
home tile), the home tile can supply the data item to the
requesting tile. If even the home tile causes a cache miss, then,
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as an example, the home tile handles the cache miss by
sending the cache request to external memory (to DRAM
typically) and obtains the data item from the external
memory. The cache miss from the requesting tile gets turned
into a message that traverses the network to get to the home
tile. Stmilarly, the miss from the home tile to DRAM traverses
the network.

Sometimes, instead of checking a home tile on a cache miss
to the cache within a tile, the request 1s sent directly outside
the chip to external DRAM memory.

Thetile 14 can also include a cache controller that performs
actions to ensure that cache coherence 1s maintained 1n the
whole chip. Typically, the cache coherence information for a
given cache line 1s maintained at the home tile for that cache
line. The coherence mnformation 1s stored in a directory to
store the current state of the cache line. The home location for
a given cache line 1s stored 1n a translation lookaside butifer
(TLB) along with the page information for that cache line.
The home location, within a home tile, for a given cache line
can also be determined by hashing the cache line address to
yield a home location. The home location can also be modi-
fied as the program executes. Data that has a home location 1n
a home cache of a particular home tile 1s said to be “homed 1n™
that particular tile.

The processor 30 can be multithreaded and/or have capa-
bilities of a Very Long Instruction Word (VLIW) processor, a
superscalar processor, or a vector processor.

Together the switches 11 1n a multicore chip provide the
communications infrastructure for all the cores. Switches can
be built in many ways. As one example, the switch 32 includes
input bullers 46 for temporarily storing data arriving over
incoming conductors 34a, and switching circuitry 48 (e.g., a
crossbar fabric) for forwarding data to outgoing conductors
34b or the processor 30. The mput butlering provides pipe-
lined data channels 1n which data traverses a data path 4 from
one tile to a neighboring tile 1n predetermined number of
clock cycles (e.g., a single clock cycle). This pipelined data
transport enables the tiled compute node 10 to be scaled to a
large number of tiles 14 without the need to limit the clock
rate to account for effects due to conductor lengths such as
propagation delay or capacitance. (Alternatively, the butler-
ing could be at the output of the switching circuitry 48 instead
of, or in addition to, the mput.)

A tile 14 controls operation o the switch 32 using either the
processor 30, or separate switch processor dedicated to con-
trolling the switching circuitry 48. Separating the control of
the processor 30 and the switch 32 allows the processor 30 to
take arbitrary data dependent branches without disturbing the
routing ol independent messages passing through the switch
32.

In some 1implementations, the switch 32 includes a switch
processor that receives a stream of switch istructions for
determining which input and output ports of the switching
circuitry to connect in any given cycle. For example, the
switch instruction includes a segment or “sub-instruction” for
cach output port indicating to which mput port 1t should be
connected. In some implementations, the processor 30
receives a stream of compound instructions with a first
instruction for execution in the pipeline 42 and a second
instruction for controlling the switching circuitry 48.

The switch instructions enable efficient communication
among the tiles 14 for communication patterns that are known
at compile time. This type of routing 1s called *“static routing.”
An example of data that would typically use static routing are
operands of an instruction to be executed on a neighboring
Processor.
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The switch also provides a form of routing called “dynamic
routing” for communication patterns that are not necessarily
known at compile time. Dynamic routing 1s also used for
messages that result from cache misses or other cache coher-
ence related transactions. In dynamic routing, circuitry in the
switch 32 determines which input and output ports to connect
based on header information in the data that 1s being dynami-
cally routed during execution. A tile can send a message to
any other tile by generating the appropriate address informa-
tion 1n the message header. The tiles 14 along the route
between the source and destination tiles 14 use a predeter-
mined routing approach. For example, one routing approach
1s shortest Manhattan Routing (also known as dimension-
ordered routing), which refers to routing along a first dimen-
sion followed by a second perpendicular dimension (where
the distance between two points 1s measured by adding line
segments that are arranged 1n a grid like pattern, with the line
segments at right angles to each other, and not the straight line
joming the two points). The number of hops along a route 1s
deterministic but the latency depends on the congestion at
cach tile along the route. Examples of data traific that would
typically use dynamic routing are memory access tratfic (e.g.,
to handle a cache miss) or interrupt messages.

The switch 32 includes dedicated circuitry for implement-
ing each of these static and dynamic routing approaches. For
example, each tile has a set of data paths, butlers, and switch-
ing circuitry for static routing, forming a “static network”™ for
the tiles 14; and each tile has a set of data paths, buifers, and
switching circuitry for dynamic routing, forming a “dynamic
network™ for the tiles 14. In this way, the static and dynamic

networks can operate independently. A switch for the static
network 1s called a “static switch”; and a switch for the
dynamic network 1s called a “dynamic switch.” There can also
be multiple static networks and multiple dynamic networks
operating independently. For example, one of the dynamic
networks can be reserved as a memory network for handling
traffic between tile memories, and to/from on-chip or off-chip
memories. Another network may be reserved for data associ-
ated with a “supervisory state” in which certain actions or
resources area reserved for a supervisor entity.

The switch 32 1s coupled to the processor 30 over processor
coupling conductors 52. For fast (e.g., low latency) commu-
nication between tiles 14 of neighboring processors, the cou-
pling conductors 52 are integrated directly 1nto the pipeline
42. The processor 30 communicates with the switch 32 using
distinct op-codes to distinguish between accesses to the static
and dynamic network ports. Alternatively, the instructions
can use register names to refer to switch ports. For example,
the processor can send or recerve data by writing to or reading
from a register interface that 1s directly mapped to the mput
butilers 46 of the switch 32. For data going to or coming from
the processor 30, a switch instruction indicates that the switch
32 should couple data to or from a selected register or bypass
path of the pipeline 42 over a register mapped pipeline inte-
grated switch interface 54. This pipeline integration allows
data to be available to the switch 32 the moment an instruction
1s executed and the register value 1s available. In the next cycle
the same data could appear at an input butier of another tile.

To improve the latency of dynamic routing switches the
tiles 14 can use route prediction in the switches. With route
prediction, a message that comes 1mnto an input port of the
switch 1s routed to a given destination port of the switch based
on a predicted port number. The prediction for a packet com-
ing 1n from a given mput port can be selected based on the
route taken by the previous packet from that input port. If the
hardware 1n the tile (e.g., prediction circuitry) determines that
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the prediction was 1incorrect, the hardware can take a few extra
cycles to make the right routing decision based on the infor-
mation in the packet header.

Other optimizations include using wide network channels.
A tile can send single word messages containing both the
packet header and the data value. The packet header includes
information such as route information.

A tile 14 can include various types of memory modules to
serve as the mstruction memory 38, instruction memory 40 or
as a local memory store for other types of information such as

control information for the tile. There can be a small SRAM
bank 1n each tile 1n addition to a large SRAM bank. There can

also be a larger DRAM bank 1n each tile. Each tile can have
mode 1indicators used to select among these banks Any of the
memory modules can be treated as a cache for a larger
memory store outside the tile 14 or the tiled compute node 10.
Such external memory (e.g., DRAM) 1s accessible over high
bandwidth paths of one or more dynamic networks. The
amount ol memory can be chosen to roughly balance the areas
devoted to processing and memory, and to match the memory
access time and the processor clock.

Functions such as virtual address translation, caching, glo-
bal shared memory and memory protection can be 1mple-
mented by any combination of hardware and software (e.g.,
processor 1structions). A tile 14 can include a translation
lookaside butfer (TLB) to translate virtual addresses as they
come out of the processor 30 on each tile 14. Separate TLBs
for instruction and data can also be used. A mode bit for each
can turn oif translation. Events such as cache miss or trans-
lation fault can trigger a trap or interrupt to the processor 30,
so that the processor 30 can handle the event 1n software
(using 1nstructions executed by the processor).

The software running on the processor 30 can also use
various mechanisms to speedup TLB miss handling. For
example, a software TLB miss handler can also maintain a
soltware cache of TLB entries. This software cache used by
the software TLB miss handler 1s also called a TSB.

For example, there can be multiple trap lines (conductors
carrying trap signals) to the processor 30. Alternatively, there
are few trap lines, but there 1s a trap vector that the processor
30 can access which encodes the type of trap that occurred.
There 1s a mode indicator, which can allow selecting whether
the software or the hardware handles these events. A hard-
ware cache tag file can export a hit/miss status to the software
rather than stalling the processor pipeline.

An array of tiles 14 can include one or more interface
modules coupled to a switch on the periphery of the array to
transfer data to and from an external device such as an I/O
device. The interface module includes circuitry to mediate
between the communication protocols of the dynamic net-
works and a communication protocol of the external device.
An 1nterface module 1s able to connect to ports of any of the
dynamic network switch points on a tile, but any given inter-
face module may only be connected to a subset of the
dynamic networks through a subset of the switch points.

The configuration of the circuitry 1n a tile 14 can be con-
trolled by local control information stored in the tile. For
example, a module 1n the tile can be turned on or off (to save
power for example) or configured into a variety of modes
(e.g., to set protection levels) based on the state of a “mode
indicator” (e.g., one or more bits) stored 1n a register or other
memory store.

Various parts of the multicore chip, for example, a tile, a
processor in a tile, a processor and caches in a tile, can also be
selectively shut off to save power. When doing so, the system
takes care to selectively shut off or activate certain parts of the
tile that are needed for other parts of the system to operate. For
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example, 1T a tile’s cache 1s the home cache for a given set of
cache lines, then that tile’s cache controller and cache might
be powered up. Alternatively, they might take a set of actions
before they are powered down. These actions can transier
responsibility of processing to other parts of the chip.

As line rates of traffic increasingly rise, it 1s often not
possible to timely execute all of the required applications
completely 1n software. For such cases, a processor 30 can
include accelerator circuitry to speedup processing for spe-
cial functions such as security, compression, network packet
processing, etc. The accelerator circuits (accelerators) can be
connected directly to a tile or a core, or they can be connected
to the periphery of an interconnection network (for example,
like an I/O device). The accelerators can also be full partici-
pants 1n coherence protocols and can contain caches. They
can also use cache coherence transfers to transier data
between them and the other cores, or they can use DMA
(direct memory access ) to transier data from the caches on the
rest of the chip to the accelerator memory or caches.

In this situation, 1t 1s useful to support a unified interface to
the accelerators, such as in a Mi1CA interface (multicore inter-
tace for coprocessor acceleration). Mi1CA like interfaces can
support direct transier of data from the chip’s caches to the
accelerators. The accelerators can also be virtualized so that
more cores can access the accelerators than there are accel-
erators.

Accelerators often have a queue of requests from proces-
sors (or cores or tiles 14). They can perform the operations
requested 1n the requests in the order 1n which the requests
were recetved (for example).

A soltware system for the tiled compute node 10 includes
a compiler that 1s able to schedule instructions for the proces-
sors 1n each of the cores. The compiler can also prepare
communication over the static network, or messages to be
sent over the dynamic network.

An exemplary operating system (OS) for the tiled compute
node 10 can include a Linux-like kernel or a similar kernel
running on a single tile 14. The OS can be a symmetric
multiprocessing OS such as SMP Linux which can run on one
or more tiles 14. Threads of SMP Linux running on multiple
tiles 14 communicate with each other through coherence
shared memory. Alternatively, the OS can be a distributed OS
running on multiple tiles 14 sending messages to each of the
processes on each of the tiles 14.

Another software system component that can be included
1s a hypervisor layer that provides physical device drivers for
cach physical device. The hypervisor also sets protection
levels 1n the hardware. The hypervisor 1s responsible to mul-
tiplex various operating systems on the physical hardware
and physical devices.

Application writers can program each of the cores or tiles
14 1n the multicore chip using languages such as C. Similarly,
they can program multiple tiles 14 by writing parallel pro-
grams using libraries such as pthreads, Message Passing
Interface (MPI), or parallel languages such as OpenMP.

The software system can also include libraries that provide
additional function such as interfaces that allow the user to
access various hardware features directly, such as the regis-
ters related to the network, special purpose registers, synchro-
nization operations, user-level message passing, efc.

Dynamic Code Generation for Trap Handling

Some techniques relate generally to providing support for
exceptional events during program execution by generating
code on the fly rather than by running conventional exception
handling code.

Some 1nstructions executed during normal program

’?,

executing are “trapping’’; that 1s, they cause an interrupt to be
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generated by the processor and the trap needs to be resolved
before program execution can continue. In some cases the
trap can be resolved and the instruction executed a second
time to work correctly, as 1s true for page faults, some types of
access violations, and other types of TLB (translation looka-
side butler) traps. In such cases there 1s typically no way for
user space (a portion of memory segregated by the operating,
system for running user programs, €.g., as opposed to kernel
space segregated for running the kernel) to avoid the cost of
the trap. In other cases, such as an 1llegal instruction trap or a
divide-by-zero trap, the program 1s performing an illegal
operation and 1t may be challenging to “optimize” trap han-
dling. Some i1mplementations of a trap handler provide
dynamic code generation for management of traps that can be
avolded by having a different (typically slower) sequence of
instructions be executed by the processor.

Typically a compiler will generate code that assumes the
best case, 1.e., that no trap will occur. If this assumption 1s
incorrect, the operating system 1s expected to perform what-
ever “fix-up” 1s required to preserve the semantics of the code
as generated by the compiler. For example, an unaligned
access trap can occur on some machines when the compiler
generates an instruction to load a four-byte value from
memory, but the address specified 1s not evenly divisible by
tour. In this case the operating system may choose to respond
to the resulting “unaligned access™ trap by loading the appro-
priate value from memory, updating the application’s register
state as 1f the value had been loaded, and then continuing the
application from the next instruction.

Such approaches to handling exceptional events are rela-
tively slow, and 1n particular may not benefit from previous
exposure to the same events. For example, each time an
unaligned read occurs the same slow process may be per-
formed again.

Dynamic code generation techniques, which include one
or more of the following approaches, can be used 1n handling
such exceptional events. For example, one approach would
involve translating trapping machine instructions to
sequences that do not cause traps. Another approach involves
managing an efficient data structure that maps machine
instructions to translations. In addition, other approaches
involve safely coordinating shared data and machine-gener-
ated code without locks, efficiently and securely using user-
space memory to store state i kernel code and updating the
program image directly for frequently-trapping operations.
Other approaches mvolve supporting pre-generated transla-
tions in the compiled code for efficiency; and generating
compiler feedback to select trapping or non-trapping imple-
mentations.

The following approach may be used to execute an alter-
nate sequence of instructions very efficiently when the origi-
nal sequence 1s not performing well (for example, trapping or
taking interrupts) for any reason. This example 1s described in
the context of an interrupt handler for unaligned memory, but
the approach 1s general and applies to other situations as well.
When a trap due to an unforeseen event takes place, the
interrupt handler for unaligned memory performs following
actions to handle the trap. On entry, the handler stores some
register state securely and efficiently, using user-space
memory. The program counter (PC) and faulting instruction
are looked up 1n a hash table to discover a translated sequence
of instructions that can be run to perform the required load or
store but without generating a trap. The interrupt handler
restores the register state, and modifies the PC for the appli-
cation to return to the translated code directly. The translated
code executes (at the same protection level as the original
code), performing the required load or store without generat-
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ing a trap, then jumps back to the appropriate next instruction
that the program would have run.

Networking Functionality Implementation in Server Node

Rather than a server node 50 serving as a termination point
for network traffic, the techniques described below allow the
server node 50 to be part of the network infrastructure. In
other words, as server compute nodes are added, the server
compute nodes implement networking functions within the
nodes so that external networking components are not
needed, as more nodes are added. This makes 1t easy to scale
systems and add more nodes. This arrangement permits tlex-
ibility for adding network capability to each processing node
(e.g., a multicore chip, as discussed above) so that as addi-
tional processing nodes are added to the system, the network-
ing capabilities of the processing nodes allow the processing
nodes to connect to each other, and to offer a single intertace
to the rest of the network.

Referring to FIG. 3, aspects of a server 530 comprising
plural compute nodes 1s shown. In one implementation the
compute nodes are tiled compute nodes 10 according to con-
figurations of FIGS. 1 and 2. In one example, the server 50
includes plural ones of the tiled computer nodes 10 1n a stack
topology where the processors use the on-board or on-chip L2
(layer 2) switch 25 allowing scalable node-stacking The 1.2
switch 25 1s disposed 1n each of the tiled compute nodes 10.
Node stacking reduces the number of network ports required
in the system thus reducing infrastructure costs, cooling, and
area. The server 50 executes an operating system and appli-
cation software and i1s integrated into a network of other
SErvers.

In alternative topologies, the processor node can provide
additional functions that enable tlexibility 1n the network by
using software 26 (FIG. 2) running on the processor cores (or
in firmware). For example, the processor node 10 can provide
load balancing across multiple nodes and hence a set of pro-
cessors can be seen as a single network endpoint. Load bal-
ancing software distributes work across servers sending new
tasks to the “least busy” server rather than always being sent
to a fixed node. Traditionally, load balancer 1s implemented as
a dedicated hardware unit. This arrangement allows load
balancing function to be built into the server, enabling server
capabilities to be scaled up without the cost of a new load
balancer and new or additional switching hardware.

The software 26 can alternatively or 1n addition thereto
implement routing as fast-path software running within the
tiled compute node 10 thus supporting various protocols from
simple layer-2 routing to IP routing, load-based routing, and
“address™ based routing. As used herein fast path software 1s
used to describe processing where the most commonly occur-
ring network processing tasks are more efficiently executed
with uncommon tasks being off-loaded. Address-based rout-
ing could be used to build large message/socket-based sys-
tems implementing RDMA switching. For example, nodes
can commumnicate directly based on physical addresses rather
than requiring a complete network stack. This reduces latency
and increases throughput.

In addition to flexible routing algorithms, imn-network pro-
cessor nodes allow distribution of services such as DPI (deep
packet inspection). Thus networks can be monitored and pro-
tected without the need for dedicated devices at network
choke points. The routing algorithms would be executed on at
least one of the tiles 14 and 1n some instances plural ones of
the tiles 14.

Fast path hardware 1s provided in the processor node to
allows low-latency and high-bandwidth switching capability.
A high speed programmable packet classifier performs
layer-2 parsing as well as basic routing decisions. DMA (di-
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rect memory access ) hardware moves packet data through the
system from ingress port to egress port.

General purpose cores may be used to implement more
sophisticated routing algorithms as a control path while data
path 1s still managed by efficient purpose-built hardware.

Hardware services including classification, load-balanc-
ing, buffer management, and egress-reordering can be lever-
aged to implement the raw switching component of the sys-
tem. The system includes dedicated hardware (1n addition to
general purpose soltware) that provides efficient offload of
the above tasks without using the general purpose compute
cores or tiles 14. Local traffic for the individual server node,
which may include multiple tiles 14 or cores can be 1dentified
based on a physical port number (or MAC address) as well as
more sophisticated dynamic information such as system load.

Packets can also be switched based on a range comparison
with an address field 1n the packet. In such a system, a large
flat address space can be distributed across many nodes. Pack-
ets are switched to the correct endpoint based on the address
inside the packet. This type of switching allows arbitrary
topologies to be built and implements messaging and data
protocols such as RDMA for switching to another device
outside of the server.

Referring now to FIG. 4, packet processing 1s shown. Pack-
ets arrive at a recerve mterface 59 (RX) and are passed to a
classifier engine 60 running on the tiled compute node 10 as
part of a network interface engine. One such example of a
network interface engine 1s a multicore Programmable Intel-
ligent Packet Engine (mPipe™ Tilera Corporation assignee
of the present application). In FIG. 4 the control path and
termination software all execute on the tiles, whereas the
remaining functional blocks shown, are part of the mPIPE™
hardware for handling RX/TX packets. This hardware
includes the classifier engine 60.

The classifier engine 60 parses the packet and determines
the flow to which the packet belongs. The classifier engine 60
may determine the egress port or this determination can be
left to software running on the cores 14. The classifier engine
60 recerves the mncoming packets. I1 the classifier engine can
determine the correct egress port for the packet, then the
classifier engine 60 decides and the imcoming packet is
directed to the determined egress port of the L2 switch 25. On
the other hand 1if the classifier engine 60 cannot make that
determination, the tile software executing on one or more of
the tiles makes the determination. In general, the classifier
engine 60 will not determine egress ports when the policy
governing the packets 1s relatively complex. In that instance,
the tile software executing on one or more of the tiles 14
determines the egress port. Incoming packets can, for
example, be directed to a specific egress port. When incoming
packets are directed to a specific egress port this 1s a switched
flow meaning that the packet is intended for a different des-
tination other than the specific server node 50, whereas when
the packet 1s directed to a local core 14, this means that the
packet tlow terminates at the local server node 50.

The load balancer 62 executing in software 26 determines
what core 14 will operate on the packet and enqueues a packet
descriptor generated by the classifier 60. Buifer management
hardware 64 assigns on/off chip memory space to hold the
packet data. The packet 1s handed to the software 26 runnming
on the processor cores (control point and endpoint termina-
tion software 26).

The software 26 running on the processor cores can imple-
ment any routing/switching policy chosen, thus allowing the
production of a soft router or switch. Here again, packets can
be directed to an egress port (switched) or to local termination
software (not shown).
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For egressed packets, the descriptor 1s enqueued for egress
and 1s reordered 66 based on original arrival order. An egress
DMA engine 68 gathers the packet data and transmits it to a
(TX) physical interface 70 for transmission from the node 10.

The classifier engine 60 1s a programmable core that
handles stateless packet parsing and classification. This pro-
cessor 60 receives headers of mcoming (RX) packets and
assists with load balancing and parsing operations prior to the
packets being either switched out an egress port or delivered
to one of the tile processors. The classifier engine 60 identifies
incoming packet flows and determines how a local node 1s to
handle the packet. The classifier engine 60 performs the func-
tions of layer (LL2/3/4) parsing, data payload oflset, header
error checking, flow hashing, MAC/IP address and port
matching, virtual local area networking (VLAN) and policy
lookups.

A number of embodiments of the invention have been
described. Nevertheless, 1t will be understood that various
modifications may be made without departing from the spirit
and scope of the imnvention. Accordingly, other embodiments
are within the scope of the following claims.

What 1s claimed 1s:

1. A server, comprising:

a plurality of tiled compute nodes that are arranged 1n a
compute node stack, with multiple ones of the plurality
of tiled compute nodes comprising:

a Processor;

memory devices coupled to the processor; and

a layer 2 switch circuitry configured to couple the proces-
sor of the tiled compute node to a network among the
processors of the tiled compute nodes, and which, with
the compute node stack, provides a single interface to
the network; and with the processor of each compute
node 1n the server configured to:
execute an operating system;
provide network switching functions within the respec-

tive plurality of tiled compute nodes of the server; and
external memory devices that are external to the tiled com-
pute nodes and accessed by the tiled compute nodes.

2. The server of claim 1, wherein the processors are turther

configured to:

connect tiled compute nodes to other tiled compute nodes
to provide the networking switching tunctions within
the single interface to the network coupled to the server.

3. The server of claim 1, wherein the layer 2 switch circuity

uses media access control addresses for forwarding frames.

4. The server of claim 1, wherein when adding additional

tiled compute nodes, the additional tiled compute nodes are
added without adding additional external networking compo-
nents to the server.

5. A server comprising:

plural server compute nodes, each server compute node
comprising:
external memory devices;

a plurality of processor tiles coupled to the external
memory devices, the plurality of processor tiles
arranged 1n a stack topology, with multiple ones of the
plural processor cores each comprising:

a processor; and

layer 2 switching circuitry configured to couple the
processor to a network among the plural processor
cores; and with the multiple ones of the processor
cores of the plurality of processor tiles further con-
figured to provide:

network switching within the server compute nodes by the
plural processor cores; and
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distributed networking hardware services including one or
more ol packet classification, load balancing, builer
management and packet egress-reordering, with, for
cach respective server compute node, the plural proces-
sor cores are connected over a network that provides a
single interface to an external network that couples to the
respective server compute node.

6. The server of claim S wherein the networking functions

in the server compute nodes further comprise deep packet
inspection.

7. The server of claim 5 wherein the hardware services
includes the load balancing, and the server compute node
executes software running on the processor cores or 1n firm-
ware 1n that server compute node to provide the load balanc-
ing across multiple server compute nodes with a set of server
compute nodes or processor cores providing a single network
endpoint.

8. The server of claim 7 wherein routing 1s implemented in
fast-path software running within the processor cores sup-
porting layer 2 routing to IP routing, load-based routing, or
“address™ based routing.

9. The server of claim 7 further comprising;:

fast path hardware 1n at least one processor core of the

processor cores to allow low-latency and high-band-
width switching capability for that at least one processor
core.

10. The server of claim 7 wherein routing functions are
arranged with processor cores executing control path algo-
rithms, and with data path algorithms managed by hardware.

11. The server of claim 10 wherein the server further
includes dedicated hardware to which the hardware services
are oifloaded without using the plurality of processor tiles.

12. The server of claim 10 wherein local traffic 1s identified
based on a physical port number or MAC address or system
load 1information.
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13. The server of claim 5 wherein a packet 1s switched
based on a range comparison with an address field in the
packet.

14. A method of operating a set of server nodes that com-
prise plural multi-core processor chips, the method compris-
ng:

arranging the set of server nodes 1n a node stacking topol-

ogy with each server node including a L2 (layer 2)
switch to provide scalable node-stacking;

receving packets that arrive at a recerver interface 1n a

multi-core processor chip for a given one of the set of
server nodes;
parsing by a classifier engine executed by the multi-core
processor chip, the recerved packets to produce packet
descriptors that determine a destination to which the
received packets belongs with either the classifier engine
or a processor core ol the multi-core processor chip
determining an egress port for the recerved packets;

applying by the processor core a load balancing algorithm
to determine a processor core to process the packet; and

enqueueing by the multi-core processor chip the packet
descriptors generated by the classifier.

15. The method of claam 14, wherein applying load bal-
ancing, further comprises:

executing software on the processor cores ol the multi-core

processor to provide load balancing across multiple ones
of the server nodes, with the server nodes or processors

providing a single network endpoint.
16. The method of claim 14, further comprising:
providing hardware services that include load balancing
across multiple server nodes with a set of server nodes or
processors cores providing a single network endpoint.
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